We demonstrate the ultrafast imaging of a submillimeter bar chart that is either hidden behind glass diffusers or inside a solution of polystyrene spheres, using an ultrafast optical Kerr gate (OKG). The results show that the time-resolved imaging of the target in the turbid media with an optical depth of 11.4 is achieved using the OKG with a 1.6 ps opening time. The image contrast is improved by about 70% compared with the shadowgraph imaging.
Imaging of targets embedded in turbid media are important in industrial, military and biomedical applications. However, it is difficult to observe those targets because of the strong multiple scattering. To overcome this problem, many optical gating techniques have been proposed for optical imaging in turbid media, which include the spatial filtering technique, the coherence-gating technique, [1] the timegating technique [2−4] and so on. Compared with spatial filtering, the time-gating technique has the ability to separate the forward scattered diffusive photons traveling collinearly with small diverging angles from ballistic photons with a higher spatial resolution. Compared with the coherence-gating technique, the time-gating technique can use ballistic and nearballistic light to acquire sufficient signal levels for imaging an object that is hidden in a highly turbid medium.
Imaging of a target in turbid media using the optical Kerr gate (OKG), which is a time gate with mild spatial filtering, could enhance image quality. [4−7] Recently, the OKG technique has been adapted for investigating the dynamics of spray breakup and vaporization in the near field of the liquid-fueled combustion of a high-speed rocket spray. The optical depth of the near field is high, while other approaches have failed to reveal the internal structure of this area. [8−14] The experimental data from the interior of the injector are important for designing rocket nozzle geometries.
In this Letter, we demonstrate the ultrafast imaging of a target in turbid media using an OKG in the femtosecond time scale, in which the target is hidden either behind glass diffusers or in a solution of polystyrene spheres. The results show that the timeresolved imaging in the turbid media with the optical depth about 11.4 is achieved using the OKG for a 1.6 ps opening time.
When the photons in a laser pulse travel through turbid media, only a few photons keep their coherence and pass through in a straight line without being scattered. These photons are image-bearing ballistic photons and they will exit the turbid media first, because they take the shortest path length. The most randomly scattered photons are called diffusive photons. Slightly scattered photons are referred to as snake photons, which are slightly deviated from the ballistic direction. These photons can be used in imaging when there are insufficient ballistic photons, though with a lower spatial resolution. By selecting the ballistic photons and rejecting the diffusive photons using spatial filtering, time-gated imaging or coherencebased techniques, it is possible to obtain diffractionlimited image resolution. Here the OKG is a time gate, which consists of a pair of calcite-crossed polarizers with a Kerr medium between them. Meanwhile, the spatial dimension of the pump laser pulse radial profile automatically induces a spatial aperture at the Kerr medium. When the ultrafast OKG is opened, only the ballistic and snake photons arriving earlier can pass through the gate. Figure 1 shows schematically the laser pulse passing through turbid media and eliminating the diffusive light from the image-bearing light using OKG.
Imaging through turbid media was performed using an OKG with setup shown in Fig. 2 . A Ti:sapphire laser system (FEMTOPOWER compact Pro), emitting 30 fs, 800 nm laser pulses at a repetition rate of 1 kHz, was used in our experiments. The laser beam was split into an imaging beam and a gating beam by using a beam splitter. A delay line was used to control the time delay between the gating pulse and the imaging pulse. The gating beam was focused into the Kerr medium by lens L 1 , and the polarization of the beam was rotated 45
∘ by a /2 wave plate.
The linearly polarized imaging beam was introduced into the turbid media. The optical depth is up to 12 (transmission factor of ∼10 −10 ). The disturbed imaging beam emerging from the turbid media was focused into the Kerr medium together with the gating beam. The gating beam overlapped the imaging beam in the Kerr medium to ensure that the ballistic component could pass through the OKG. In addition, very few diffusive photons could be overlapped by the gating beam and pass through the OKG for the limited gating beam radius. The viewing area of the images will increase with the increasing overlapped area between the imaging beam and the gating beam. The OKG consists of a pair of calcite crossed polarizers and a Kerr medium between them. When the gating pulse causes a transient birefringence in the Kerr medium, the imaging beam will pass through the analyzer and be detected by a color charged-coupled device (CCD) camera (NIKON DXM 1200 F). In our experiments, the Kerr medium CS 2 solution was filled in a glass cuvette with a path length of 1 mm. The opening time of the OKG for CS 2 is estimated to be 1.6 ps. The result is in agreement with the previous reports and indicates the reliability of our experiment. [15−17] The measured temporal Kerr intensity profile of the transmitted signal through the solution of polystyrene spheres (0.4 µm) with the optical depth of 12 is shown in Fig. 3 (hollow circle) . We also plot a reference Kerr signal from the deionized water reference sample (solid square). The ballistic peak corresponds to the incident pulse, and there is no obvious diffusive peak separating from the ballistic peak. The reason is that the diameter of the polystyrene spheres used in our experiment is so small that the forward scattering probability is very low for these particles.
[18] Therefore, only a few diffusive photons can scatter in the forward direction and pass through the OKG. The target sample is dark bars on a transparency sheet, the width of each bar is about 0.5 mm, and the direct shadowgraph imaging is shown in Fig. 4(a) . To estimate the imaging quality, we calculate the contrast values from the intensity contribution. The contrast of the intensity field is calculated as ( max − min )/ ( max + min ), where max and min are the maximum and minimum image intensities, respectively. Assuming that the value of the contrast of the image in Fig. 4(a) is 1, and the value in Fig. 4(b) by direct shadowgraph imaging decreases to about 3%. Figure 4 (c) presents the image using the OKG imaging technique, in which most of the diffusive photons are separated from the ballistic photons. The image contrast is increased to about 38% compared to the shadowgraph imaging, but there are some noises coming from the scattering pump pulse. Because the output laser beam has a Gaussian intensity profile, the normalized intensity of the image is stronger in the center than at the edges. The gating beam background signal noise also has a Gaussian intensity profile, as shown in Fig. 4(c) , which causes the contrasts of the image to be nonunique for the center and the edges. To reduce these noises, in the expriment an aperture was added before the CCD and the estimated contrast increased to about 76% in comparison to the shadowgraph image shown in Fig. 4(d) .
As an alternative turbid medium, a water solution of polystyrene spheres with diameter of 0.4 µm was used. The solution was filled in a quartz cell with thickness of 10 mm and the target bar chart was embedded in the middle of the cell and the optical depth measured to be about 11.4. Figure 5(a) shows the direct shadowgraph imaging of the target bars hidden in the polystyrene sphere suspension and the image was blurred. Figures 5(b) and 5(c) show the images of the target bar using the OKG at the non-optimum delay and the optimum delay between the image and the pump pulse. When the gating pulse arrived 208 fs earlier than the optimum delay, the bar chart is hard to see and the image contrast is poor, as shown in Fig. 5(b) . Figure 5 (c) shows the clear bar chart image at the optimum delay between the imaging and the gating pulse and the contrast is improved from about 16% to 87%. The results suggest the feasibility of the imaging of targets hidden in turbid media using the OKG technique with submillimeter spatial resolution.
In summary, we have demonstrated the ultrafast imaging of a target in turbid media using an OKG for a 1.6 ps opening time. The results show that the time-resolved imaging of the submillimeter bar chart in the turbid media with optical depth of about 11.4 are achieved using the OKG and the image contrasts using the OKG are improved by about 70% in comparison with using direct shadowgraph imaging.
